Computer simulation of osmotic gradient without active transport in renal inner medulla  by Stewart, John & Valtin, Heinz
Kidney International, Vol. 2 (1972), p. 264—270
Computer simulation of osmotic gradient
without active transport in renal inner medulla
JOHN STEWART and HEINz VALTIN
Department of Physiology, Dartmouth Medical School, Hanover, New Hampshire
Computer simulation of osmotic gradient without active trans-
port in renal inner medulla. It has been generally supposed that
the osmotic gradient observed in the inner medulla of mamma-
lian kidneys during antidiuresis results from countercurrent
multiplication of active sodium reabsorption from thin ascending
limbs of Henle. However, disagreement persists on whether the
thin ascending limb can transport sodium actively. An alternative
model has been proposed by Kokko and Rector. In this model
water reabsorption from the descending limb of Henle creates a
high tubular concentration of sodium at the bend of the loop, so
that sodium can move passively out of the ascending thin limb.
The present report shows that computer simulation of this model
can indeed result in an osmotic gradient in the inner medulla, on
condition that sodium movement out of the thin ascending limb
results in the tubular fluid becoming hyposmotic to adjacent
interstitium. This can be achieved if the descending limb is
permeable to water but relatively impermeable to urea and elec-
trolytes, and the ascending limb is less permeable to water and
urea than to electrolytes. In this model, a key role is played by
urea which provides a driving force for water reabsorption from
the descending limb. The importance of urea is illustrated in the
model, firstly by simulation of a low-protein diet, and secondly
by simulation of water diuresis. In both situations, reduced reab-
sorption of urea from the late collecting ducts causes a reduced
interstitial urea concentration, which in turn causes a severe
reduction in interstitial electrolyte concentration.
Simulation sur ordinateur du gradient osmotique sans transport
actif dans la médullaire interne du rein. Ii a été habituellement
suppose que le gradient osmotique observe dans la médullaire
interne des reins de mammiferes en antidiurése résulte de Ia
multiplication par contre courant de la reabsorption active de
sodium par la partie gréle de in branche ascendante. Cependant
l'accord n'est pas fait sur la capacité eventuelle de la partie grele
de Ia branche ascendante a transporter le sodium activement.
Un autre modèle a été propose par Kokko et Rector. Dans ce
dernier la reabsorption d'eau de Ia branche descendante crée
une concentration de sodium intra-tubulaire élevée a Ia pointe
de l'anse de telle sorte que le sodium pent sortir passivement de
la partie gréle de la branche ascendante. Le travail rapporté
montre que la simulation de ce modele sur ordinateur peut en
effet avoir pour résultat un gradient osmotique dans Ia médul-
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laire interne, a Ia condition que le mouvement de sodium hors de
la partie gréle de Ia branche ascendante crée un liquide tubulaire
hypo-osmotique par rapport a l'interstitium environnant. Ceci
peut être réalisé si Ia branche descendante est permeable a l'eau
mais relativement impermeable a l'urée et aux electrolytes et si
Ia branche ascendante est moms permeable a l'eau et a l'uree
qu'aux electrolytes. Dans ce modèle un role essentiel est tenu par
l'urée qui donne Ia force motrice de la soustraction d'eau a Ia
branche desccndante. L'importance de l'urée est illustree dans
ce modele premierement par la simulation d'un regime pauvre
en protéines et deuxiémement par in simulation de Ia diurése
aqueuse. Dans les deux situations, Ia reabsorption réduite d'urée
it partir des canaux collecteurs terminaux determine une diminu-
tion de la concentration interstitielle d'urée qui, a son tour,
induit une reduction importante de Ia concentration d'électro-
lytes dans l'interstitium.
It has generally been supposed that the osmotic gradient
observed in the inner medulla of mammalian kidneys during
antidiuresis [1] results from countercurrent multiplication
of active sodium reabsorption from thin ascending limbs
of Henle's loops [2]. However, there is some doubt as to
whether the thin ascending limb is actually capable of such
active transport [3]. Recently an alternative model has been
proposed [4]. In this new model, water reabsorption from
the descending limb of Henle's loop creates a high tubular
concentration of sodium at the bend of the loop, so that
sodium can move passively out of the ascending thin limb.
It is the purpose of this paper to examine, with the help of
computer simulation of the renal medulla [5, 6], whether
the new model can account qualitatively and quantitatively
for the osmotic gradient in the inner medulla. The new
model is tested further by observing its behavior in simu-
lated states of low-protein diet and water diuresis.
Methods
Requirements for build-up of gradient in inner medulla.
Considerations of conservation of mass in the inner medulla
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impose certain requirements on any system that attempts
to create an osmotic gradient in the inner medulla. If it is
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assumed that the fluid in descending and ascending vasa
recta, descending limbs of Henle, and collecting ducts, is
in perfect osmotic equilibrium with the interstitium, then
Va(Xa)u(XuX):=0,
wherea = tubular flow rate in ascending thin limbs at
junction between inner and outer medulla
Xa = osmolality of this ascending limb fluid
= urinary flow rate
X = urinary osmolality
X = interstitial osmolality at juction between outer
and inner medulla.
It follows directly from Equation [11 that an osmotic gra-
dient in the inner medulla (i.e., X>X) can exist only if
fluid in the ascending limb of Henle is hypotonic to the
adjacent interstitium, i.e., Xa<X [7]. This relative hypo-
tonicity has been experimentally confirmed even for the
thin ascending limb [8, 9]. Fuller treatments of the mass
balance equations applicable to the countercurrent system
of the renal medulla have been given, although not in this
form, by Stephenson [10] and by Kokko and Rector [4].
Active vs. passive reabsorption from the thin ascending
limb. The conclusion that fluid in the thin ascending limb
of Henle must be hypotonic to adjacent interstitium, cou-
pled with the observation of sodium reabsorption from
this segment [2], has been the basis for the widespread
supposition that sodium is actively reabsorbed from the
thin ascending limb. However, it should be noted that
whereas the sodium is undoubtedly reabsorbed against an
overall osmotic gradient, there is no evidence that it moves
against a chemical sodium concentration gradient. Re-
cently, Kokko [11] has suggested an alternative model
in which sodium movement in the thin ascending limb
occurs solely as a result of diffusion down a chemical con-
centration gradient. This model was based on the original
observation that urea external to an isolated thin descending
limb could act osmotically to withdraw water from the
descending limb, resulting in a high tubular concentration
of sodium at the bend of the loop. If the ascending limb
were more permeable to sodium than the descending limb,
then sodium might be reabsorbed passively. Moreover, if
(1) this sodium reabsorption were not accompanied by a
proportionate amount of water reabsorption or urea secre-
tion, it could result in the tubular fluid becoming hypotonic
to adjacent interstitium.
Computer simulation. In order to investigate whether this
model could give rise to an osmotic gradient in the inner
medulla, its special features were incorporated into a com-
puter simulation of the mammalian kidney which had been
developed earlier [5, 6]. The parameters determining trans-
epithelial movement of water, urea, and sodium in the
present model are given in Table 1. Compared to the
previous model [6], the following changes were made.
Structurally, two classes of nephrons are distinguished:
those with no pars recta and with long loops of Henle
having a thin ascending portion; and those with a pars
recta running through the outer stripe of the outer medulla
(now included specifically in the model), and with short
loops of Henle turning directly into thick ascending limbs
at the junction between inner and outer medulla (Fig. 1).
Compared to the previous model, more of the thin loops
of Henle turned at intermediate positions in the inner
medulla, with only 2% of all nephrons reaching right to the
papillary tip. Functionally, the major changes are that
active electrolyte transport in the loops of Henle is confined
to the thick ascending limb, movement in the thin ascending
limb being passive across a sodium-permeable membrane;
and that permeabilities for both electrolytes and urea in the
descending limb [11, 12], and for urea in the thin ascending
limb, are all low. Water permeabilities everywhere, and
urea and sodium movements in distal convoluted tubules,
collecting ducts, and vasa recta, are similar to those of the
previous model [6]. The pars recta was assigned moderately
high permeabilities to water, urea, and electrolytes. Al-
though the pars recta is undoubtedly capable of some
Table 1. Diameters and permeability properties of various segments of the nephron and vasa recta taken as the basis for the simu-
lation presented in Fig. 1
Internal
tubular
diameter
tm
Permeability (1o cm sec1)
Water Urea Electrolytes
Pars recta 20 2000 16 8
Descending limb of Henle's loop 14 2000 0.1 0.1
Thin ascending limb of Henle's loop 14 40 0.1 8
Thick ascending limb of Henle's loop 14 12 0.01 Active transporta
Distal convoluted tubule 16 2000 0.01 Active transport's
Medullary collecting duct 30 2000 10 Active transportb
Descending vasa recta 15 2000 28 8
Ascending vasa recta 20 ° 40 12
a Active sodium transport limited by a concentration gradient of 200 mOsm/kg H20.
b Active sodium transport assumed to reflect constant absolute reabsorption.
C Water movement into ascending vasa recta is determined by the requirements of the steady state [6].
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Fig. 1. Computer simulation of antidiurests when no active electro-
lyte transport occurs in thin ascending limbs of Henle. The indi-
cated concentrations of inulin, electrolytes and urea in tubular
fluid, and of electrolytes and urea in the interstitium, were
reached at equilibrium when the tubular permeabilities given in
Table 1 were used. In this Figure, and Figs. 4 and 5, the point of
each bracket indicates the level at which the different solute
concentrations occur. The interrupted curves denote long loops
of Henle which turn proximal to the tip of the papilla.
active sodium reabsorption, the active sodium transport
capability appears to be much less than in the proximal
convoluted tubule [13]. As an approximation, the active
component of sodium transport in the pars recta was
neglected (Table 1).
Results
Simulated antidiuresis. The solution resulting from the
set of parameters in Table 1, is shown in Fig. I. In the long
loops of Henle, osmotic equilibration occurs in the descend-
ing limb primarily by removal of water from the loops,
with a small but definite entry of urea. This creates a
tubular concentration of electrolytes greater than that of
the adjacent interstitium, thus providing a driving force for
the passive net efflux of electrolytes from the electrolyte
permeable thin ascending limb. Although slightly offset by
a continuing net entry of urea into the ascending limb, this
efflux is sufficient to result in the fluid delivered to the
thick ascending limb being hypotonic to adjacent inter-
stitium (549 vs. 592 mOsm/kg H20).
In nephrons having short loops of Henle, urea enters the
pars recta. Since the thick ascending limb of Henle, the
distal convoluted tubule, and cortical collecting duct are
all relatively impermeable to urea, the urea will not be
released from the nephron until it reaches the medullary
collecting duct. The net result of this recycling of urea is
thus to remove urea from the outer stripe of the outer
medulla and to deposit it in the inner medulla, a feature
Fig. 2. Interstitial concentration profiles for electrolytes and total
solutes in the simulated antidiuresis illustrated in Fig. 1. The
hatched area represents the concentration of urea.
—
which contributes greatly to the maintenance of a cortico-
rine papillary urea concentration gradient. Urea entering de-
scending limbs contributes very little to this transfer because
these segments are relatively impermeable to urea.
Finally, as is shown in Fig. 1, the computer simulation
definitely suggests that the model proposed by Kokko [11]
can not only result in the fluid leaving the thin ascending
limb being hypotonic to the interstitium, but can also lead
to substantial gradients for both electrolytes and urea in
the inner medulla. The interstitial concentration profile for
electrolytes and urea is shown in Fig. 2.
Energy transfer from outer to inner medulla. Since in this
model there is no active transport in the thin limbs of
Henle, it is pertinent to comment on the energy source for
the osmotic work done by the thin limbs in the inner
medulla. Although the tubular fluid delivered to the inner
medulla in the descending limb is isosmotic with adjacent
interstitium, the tubular electrolyte concentration is higher
(570 vs. 509 mOsm/kg 1120) and the urea concentration
lower (23 vs. 83 mosm/kg H20) than in the adjacent inter-
stitium. These chemical concentration gradients provide a
source of potential energy which is being transmitted to the
inner medulla. The selective passive reabsorption of
electrolytes from the thin ascending limb utilizes this
potential energy in order to create an actual osmotic gra-
dient, at an efficiency (Fig. 1) of 48%. Reference to Equa-
tion [1] above confirms that this released energy is just
sufficient to account for the concentration of the urine
which occurs in the inner medulla.
The next step is to determine the origin of the potential
energy which is delivered to the inner medulla via the
descending limb. The concentration ratio, electrolyte to
urea, in tubular fluid down to the bend of Henle's loop, is
similar to this ratio in plasma. This reflects the fact that
the intratubular concentrations of electrolytes and urea are
built up in the descending limb primarily through the reab-
sorption of water. This reabsorption depends critically
on the deposition of urea in the inner medulla, which in
turn is a function of a high intratubular concentration of
urea in the medullary collecting duct. The energy which
builds up this high intratubular concentration is active net
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reabsorption of electrolytes from the relatively urea imper-
meable portions of the distal nephron, namely, the ascend-
ing thick limb of Henle's loop, the distal convolution, and
the cortical collecting duct. It is this energy-requiring
step — located in the cortex and outer medulla —which
provides the driving force for the reabsorption of water,
and hence for the concentration of urea in the distal
nephron. When the tubular fluid reaches the urea permeable
portion of the distal nephron, namely the medullary col-
lecting duct, urea diffuses readily down its cdncentration
gradient to build up the interstitial osmolality of the inner
medulla. Thus, the energy source for the osmotic work
done by the thin limbs of Henle's loops in the inner medulla,
lies in the active transport of electrolytes in the cortex and
outer medulla; phrased differently, the model embodies a
mechanism for the transfer of energy from the cortex and
outer medulla to the inner medulla.
Function in the thin loops of Henle. On qualitative
grounds it can be predicted that low descending limb per-
meabilities to both sodium and urea are necessary in order
to build up chemical concentration gradients at the bend
of Henle's loop, and that a combination of high sodium
and low urea permeability in the ascending thin limb is
necessary for these chemical gradients to be utilized in the
formation of hypotonic fluid in the ascending limb. Com-
puter simulation confirmed that low sodium or high urea
permeability in the ascending limb, or high sodium or urea
permeability in the descending limb, singly or in combina-
tion, virtually abolished the osmotic gradient in the inner
medulla.
This raises the possibility of a quantitative discrepancy
between the present model and experimental observation.
The urea concentration at the bend of the longest ioops in
Fig. 1 is 62 mmoles/liter, whereas Marsh [2] has reported
experimental values of 200 mmoles/liter or greater. In the
present model, a modest increase in urea permeability of
the descending limb to 0.3 x 10 cm sec1 resulted in a
slight increase in urea concentration at the bend (to
80 mmoles/liter), but caused a substantial drop in the
osmotic gradient within the inner medulla (osmolality at
the papillary tip falling to 870 mOsm/kg H20). This is not
surprising, since the all-important hypotonicity of thin
ascending limb at the junction between inner and outer
medulla is entirely the result of tubular urea concentrations
being lower than the interstitial urea concentration at this
level. Thus, even a slight amount of urea entry into the long
loops can seriously jeopardize the amount of osmotic work
which is accomplished. In contrast to urea recycling via the
short loops, which serves a positive function by removing
urea from the outer medulla and eventually depositing it
from medullary collecting ducts into the papilla, urea re-
cycling via long loops may actually antagonize the processes
of urinary concentration.
This point may give added significance to the fact that
in nearly all mammalian kidneys, the majority of long loops
of Henle do not reach right to the papillary tip. It is clearly
essential that a few loops (2% in the present model) do
reach the papillary tip, so that electrolyte deposition and
hence an osmotic gradient can be maintained right to the
tip; but the fact that many ioops turn in the inner medulla
proximal to the tip may serve to limit urea uptake, and
hence to augment the osmotic efficacy of long loops in the
inner medulla as a whole. This feature is illustrated in
Fig. 1 by the fact that the mean urea concentration in all
thin ascending limbs at the junction of the outer and the
inner medulla is 35 mmoles/liter, resulting in a mean loop
hypotonicity of 43 mOsm/kg H20 with respect to the
adjacent interstitium; whereas if the value of 62 mmoles/
liter at the bend of the longest loops were reproduced in
all thin ascending limbs, the hypotonicity would be reduced
to only 16 mOsm/kg H2O. Thus, paradoxically, urinary
concentration could actually be impaired if 100% of
nephrons had loops reaching right to the papillary tip. This
feature may help to explain the well-known observation
that urinary concentrating ability correlates well with the
total width of the renal medulla, but strikingly not with the
percentage of nephrons having long 1oops [14, 15].
Low protein diet. It should be apparent from the preceding
sections that the creation of an osmotic gradient in the
inner medulla in this model is totally dependent on urea.
It can thus be predicted qualitatively that total removal of
urea from the system would result in complete abolition of
the osmotic gradient in the inner medulla. The quantitative
dependence of urinary concentration on urea in the present
model was examined by simulating various rates of urinary
urea excretion at constant urinary electrolyte excretion. The
results are shown in Fig. 3; the processes of simulated urine
formation in a particularly interesting case, that of "low
protein diet", are shown in Fig. 4.
It is apparent from Fig. 3 that as the urea excretion rate
is diminished, there is a decrease not only in total urine
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Fig. 3. Urinary and interstitial solute concentrations at various
rates of urinary urea excretion. The percentages refer to the
portion of the total urine osmolality which is contributed by
urea (B.W.= body weight).
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Fig. 4. Interstitial and tubular fluid concentrations in simulated
low protein diet. The permeability properties assigned to the
various nephron segments were identical to those used for the
simulation illustrated in Fig. 1.
osmolality, but also in the electrolyte gradient in the inner
medulla and even in urinary electrolyte concentration [15 a].
The computer simulation thus confirms the key role of
urea in this model, in creating an osmotic gradient in the
inner medulla. Furthermore, it suggests a possible mecha-
nism, in addition to those which have long been recognized,
whereby a high protein diet might enhance the renal con-
centrating ability; i.e., it would not only enable the excre-
tion of more urea at a minimum cost of water [16], but
would also increase the electrolyte concentration of the
medullary interstitium.
It may also be of significance that the urine osmolality
also decreases at high rates of urea excretion (Fig. 3). This
is probably the consequence of the osmotic diuresis re-
sulting from high solute excretion rates; but whatever the
mechanism, Fig. 3 contains the intriguing suggestion that
urine osmolality may pass through a maximum when urine
composition is in the normal physiological range where 30
to 50% of the osmolality is contributed by urea.
Water diuresis. In order to test further the adequacy of
this model, its behavior during simulated water diuresis
was examined. The only change made from the parameters
used for the antidiuretic simulation in Fig. 1, was a reduc-
tion in the water permeability of the distal convoluted
tubule and entire collecting duct, from 2,000 X 10_s to
360 x 10 cm sec1. The results are shown in Fig. 5. The
relatively modest decrease in water permeability has led
to a urine which is hypotonic to plasma (191 mOsm/kg
H20). In addition, the interstitial osmolality at the papillary
tip is reduced to 504 mOsm/kg tissue H20. It is interesting
to note that the interstitial osmolality reaches 492 mOsm/kg
Fig. 5. Interstitial and tubular fluid concentrations in simulated
water diuresis. Except for reductions in the water permeability
of distal convoluted tubules and collecting ducts, the permeability
properties assigned to the various nephron segments were
identical to those used for the simulation illustrated in Fig. 1.
H20 at the border between inner and outer medulla, and
then actually declines towards the inner medulla. This
feature has been observed in states of severe diuresis [17],
and is difficult to explain if sodium reabsorption were
uniformly active throughout the entire thin and thick
ascending limbs of Henle's loop.
The reduced interstitial osmolality in the renal medulla
in water diuresis undoubtedly results in part from the
paradoxical increase in absolute reabsorption from col-
lecting ducts, as first suggested by Berliner [18] and by Kiil
and Aukiand [19]. In the water diuresis simulated in Fig. 5,
10.3 % of the filtered load of water was reabsorbed in
collecting ducts, whereas the corresponding value in anti-
diuresis was 4.2% (Fig. 1). These simulated values compare
well with the experimental observations of Jamison, Buer-
kert and Lacy [20]; the increased medullary reabsorption
of water necessarily acts to "wash out" the interstitial
solutes.
However, the present model provides additional mecha-
nisms whereby water diuresis can lead to reduction in
medullary osmolality. Reduced water permeability in the
distal nephron results in decreased water reabsorption from
distal tubules and early collecting ducts, and hence to a
lesser concentration of urea in these segments. This effect
diminishes the passive deposition of urea from the late
collecting duct into the inner medulla, and hence decreases
the interstitial concentration of urea. This primary effect is
greatly accentuated in two ways. Firstly, the decreased
interstitial concentration of urea leads to a decrease in the
net entry of urea into the short loop of Henle, and hence to
a further decrease in the distal tubular concentration of
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Fig. 6. Urine osmolality, and concentration of urea and total
solutes at the papillary t,p, graphed as a function of water permea-
bility of distal convoluted tubules and collecting ducts. Note that a
relatively small decrease in water permeability is accompanied
by a rather precipitous drop in both the urinary and interstitial
concentrations.
urea. Secondly, the decreased interstitial concentration of
urea reduces the potential energy that can be transmitted
to the inner medulla by the thin descending limbs, as ex-
plained above, and hence leads to a reduced interstitial
concentration of electrolytes in the inner medulla. This
leads in turn to a further reduction in water reabsorption
from the distal nephron. The positive-feedback nature of
these changes probably accounts for the extremely critical
dependence of both urinary and interstitial osmolality on
water permeability of the distal tubules and collecting ducts
(Fig. 6). A decrease in permeability from 400 x l0 to
just 360 x l0 cm sec'' causes a decrease in urine osmo-
lality from 650 to 191 mOsm/kg H20, with a concomitant
change in the interstitial osmolality from 1,000 to 505 mOsm/
kg H20.
Discussion
The present study indicates that it is possible to account
for a number of experimental observations, in particular
the existence of an interstitial osmotic gradient in the inner
medulla, without invoking active transport of sodium in
the thin ascending limb of Henle. It is important to empha-
size that this does not prove that the model as presented in
this paper is correct, nor does it prove that the thin ascend-
ing limb is incapable of active sodium transport. However,
as discussed in the introduction, it does remove one of the
major reasons for supposing that sodium transport in the
thin ascending limb must be an active process, and the
more economical hypothesis of purely passive movement
must be reconsidered.
Proof that there is no active transport may be difficult to
acquire, since failure to observe active transport under
experimental conditions may only reflect an unrecognized
• but fatal disturbance to the transport, mechanism intro-
duced by the observer. Indirect means, although less than
totally conclusive, may be useful. The characteristic be-
havior of the present model under conditions of low pro-
tein diet and water diuresis has already been described.
Another approach would be to investigate the passive
permeability properties of the thin descending and ascend-
ing limbs. The present model requires that the descending
limbs should be freely permeable to water but relatively
impermeable to both urea and sodium. These are precisely
the properties described by Kokko in isolated rabbit
tubules [11, 121, and they are consistent with the anatomical
studies of Tisher, Bulger and Valtin [211 showing that the
intercellular spaces of the descending limb are widened in
the transition from water diuresis to antidiuresis, pre-
sumably indicating increased water abstraction. On the
other hand, the studies of de Rouffignac and Morel in
Psammomys [221 indicate substantial sodium entry into the
descending limb. It is possible that the apparent discrepancy
on this point arises from technical considerations; the site
of net sodium entry in de Rouffignac and Morel's micro-
puncture study may have been the pars recta of the proximal
tubule rather than the papillary thin limb of Henle.
A more interesting possibility is that the discrepancy
arises from genuine species differences. In this respect it
may be relevant to note the species differences in the
phenomenon of urea enhancement of urinary concentration
reported by Schmidt-Nielsen [231. Urine osmolality is
increased by high protein diets in many species such as
man, sheep, opossum, rat and dog. In contrast, urine
osmolality is not increased by high protein diets in three
species with poor concentrating ability, the beaver, moun-
tain beaver and muskrat. These species lack an inner
medulla and long thin loops of Henle, so that this finding is
consistent with the hypothesis that urea plays a key role in
building up the osmotic gradient in the inner medulla.
However, high protein diets also fail to enhance urine
osmolality in two species with marked concentrating ability
and many long loops of Henle, the gerbil and sand rat. It
may also be noted that the sand rat is exceptional in having
100% nephrons which are not merely "long", but actually
reach right to the papillary tip; as noted earlier, this feature
is poorly suited to operation of the present model. It is
thus tempting to speculate that in this species sodium trans-
port out of the thin ascending limb may not be passive, as
in the model proposed above, but could be active as has
generally been supposed [2]. In this case, urea would indeed
play a lesser role in the mechanism of urinary concentra-
tion; rather, sodium entry into the descending limb, by
providing a greater source of sodium for the active process
in the ascending limb, would increase the efficacy of the
concentrating mechanism [6].
The present model also requires that the thin ascending
limb should remain impermeable to urea, have somewhat
reduced water permeability, but be significantly permeable
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to sodium. It is interesting that these membrane properties
are entirety consonant with the studies of Gottschalk [24], in
which it was shown that a hypotonic split-drop in the
descending limb came into osmotic equilibrium through
water abstraction, whereas a similar split-drop in the
ascending limb equilibrated rapidly through solute move-
ment. It will clearly be important to test more directly the
hypothesis of low urea and high sodium permeability in the
thin ascending limb. If confirmed, it would probably be
necessary to postulate a passive carrier-mediated transport
system for sodium.
Finally, it must be noted that even if active sodium trans-
port by the thin ascending limbs could be positively ex-
cluded, these segments would not necessarily have to behave
exactly as described in the present model. For example,
Kokko and Rector [4] have suggested that water might
actually enter the thin ascending limb. Whether or not such
an effect is possible, however, the present study demon-
strates conclusively that concentration gradients for both
urea and non-urea solutes can theoretically exist in the
inner medulla without any active transport in the thin limb
of Henle.
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